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ABSTRACT

Longtcrm crop rotation effects on crop water use and yield has e been investigated in the Central Great Plains since the 1990s.
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Measured biomass and grain yield for the ahove three rotations were simulated reasonably well with root mean squared errors
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,-aster:s Colorado in 085 FPece:co,, and A hstfall. 5005-F. in

those experiments. cropping system intensification (reduced hO-

low frequency) increased annualized grain and residue yields by

55 to 100%. and net return to Ikrmers by 25 to 4599 In addition,

coil organic carbon was found to be impacted signihcantlv to a

depth o99 em with an nere’ase ,,f 665-. in the 12 Yr ,.fstudr

pared to the \VF system (Sherrod er al., 200SF. Another cropping

system experiment with decreased uiiage- and various degrees

of increased cropping intensity involving a variety of summer

crops (such as corn, proso millet, foxreii miller (Setaria dad/ca

Beauvh. sorghum {Sneghum finn/or (Lh Moenchl held pea

7”” 50 , t,’rSi’,2 h-. ‘.n fic’wcr . ‘ij,,pn. ,i0000S .5 canola
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.cam cstahdshcd in 1551 at the Cetitral C’,reat R’u”s Research Sr.

non, USDA•.ARS, Akron, CO in the Givat Plains of the United

States (.Ande.rson et ad, 1999)’.
Many pntentia.l alternative crop rotation.s for the semiarid

rear Plains. have neon ;rivest;’a5;-5 50cc the }Qt) with ro

sod Nielsen. 1998; Nielsen sr ad, 6990. 1-lowevee. uncernait

exists with regard to the s.peeihc impacts. of these alternative

cropping systems on sustainahle.’ crop production, natural
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Sons arise on the validi.ty of extrapolating the locanionspe.eihc
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ea’e in the Great Plains fkces a number of natural eesource conser

vation and quality issues that can afffcr the productivity and

livelihood of the region’s farmers. Because water is generally the

most yield-limiting factor in the semiarid climate of the Great

Plains,.r 1—i-mo fallow period between crops has traditionally

been used to inerease stored SOil water’ before piamnsg. thereby

lucieasmnO the subseoucnt eeop ‘s dId )‘Grelt 1959/ Notwith

standing the potential yield—stabilizing merits of fallow, this

practice has- often been the cause of severe soil erosion and qual.—

degra is on is h r .,‘on /5 s man er I l)9 11 loss

concerns snout the ,“si- a-term Si;- stainahilir c of wheat-

usta,nah’ir- fsernint sa’sterns mu,t make 055 nfdis cr-,ihed

emps and rotations to mitigate the’ negative- impacts of the.

w’heasofallow mnonocnlture in the Great Pla.ins- (Anderson et al.,

1.999; Bowman et aT, 1.999; Shana,han et ad. 1988; 1-Forwood
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systems that might repl..ace the t.raditional 9FF s stem. and
reduce the frequency of fallow 1. Bow man and Ha.Ivorson, 1997;
/\le.rs.on e.t a.L, i999). In this s.perirnrlt 20 crop rotations
nvoiving e.omhmatrorrs ofsi.x crops and fallow, and three
lac r atrnentswe re birsb.eel, Four ropping intensities

used as tailocv tree etice ,ieeirned ‘rue crop rn 2 cC. tsr,

ro, 1 ‘Sr tOter crwrs 1 -t 5:00 .tuots eroppitse Cr

described 9’.’ Bowrn iii et lw))
- Plots were Al i,v C.S p

e peered es’erv veer. repiree red rhrrr.’ tOner in a randorn.ierd

‘sock desirns o \\eO sOt 0.00 -Sine. rnretitic,

Addie Areriu,roil-;, I)et.tiesi sleseeipnonC 05

For this study, we usd date from the 9Ff (1992—20087 WC F

(1992--2008). and A/CM (109%. .200%) rotations to calibrate
arid cv sTate the model, All roratir is were. managed under NT

conditions in which herbicides (primarily glyphosate) w etc
used to control weeds during fellow periods. The data used
in the current modeling study comprised eight da..ta se.ts of
14to 17 yr each (i) WF-W (wheat phase in 1992), (ii) W7P-F
(failbI jjh8sF iii I992) (iii) A/C FC9: “1’t p’hyy In 1992,
(iv) A/CF-C (corn phase in 199Cr 2)) A/CF-F (CHow phase
in 1.992), v

A/yj9sJ (wheat phase i.n 199%), vii) r(/.92

(corn phase in 199%), and (viii.) A/CM-N (mil.lct phasc’ in

199N Two additional crop rotations (WMF and WCMF)
were reserved to eornpa.re with “proposrrC A/MF and 8992Mb’
totations onsrr OCred Tom the Inarlapcrnunr data of th other

rotations ‘F, \VCF, and AC ‘81. uunp the calibrated model
and were- withheld from the model users.

Winter wheat eulrivars planted were ‘TAM 107’ from 1991
) )a cxroi [r in ) 9 0 200 in I L) ibv tic to 00g

to 200%. Corn hibrids ‘Pioneer Hybrid 3°2’ from 1992 to
iOO°, ‘1)1449% 131’ in 199% ard 1999, ‘DKC49—92’ in 2000.
‘NK-i2-’i2 BA’ Toni 2001 to 209’, arid N,2B7’ from 2004 to,

‘tin were osem iveisttse inarurt’, or rsbr,ds was liii ci trorn

1992 to 1997 and 99 ci Fir subse uen r sears, Proso rnil.lct voiti
planted were ‘Sunup’ from 199% to 2000. and from 2002

to 200%, and ‘Hunts.m an’ in 2001 and from 2006 to 2.008..
Fertilizer N was applied, to achieve projected yields of

2688 kg ha’ fdr winter wheat, a 100 k”g ha’ for corn, and
2000kg h for proso millet. .Aetual fertilizer applled Cr diff)rr
ent crops in difihrent c.rop s’eque.nees river diffbrent rotation phases

and. seasons ranged between 12 and 67’ kg N ha’” for winter -

wheat, 34 and 9% kgN ha” for corn, a.nd 0 and 92 kg*N’ ha”° Cr
rni.llet. All c.rops were grown under reinfbd. con,ditions, ‘Wheat
planting occurred. betwe .0 1% and 26 .Septemher, corn planting
ovvu rred between 29April and 1.8 May, and pro’so milletplanning
s c ‘C t l ii “l t roj. st?5

‘S —

Nl,’ide1 %9, i—Is’dr”,Irrn bce ‘P1’s 1 p’s-is t’oial. /Iarrinee. C
cii’ two locations near the centcl ot e,ih plot ii depths ut’t%,

I ii ii i i I 0

‘clii 1. Soi’ Moistt, re I’n:prneo ‘.‘rg. Santa
I I

6.r calculating crop evapotrnsspiration (ET’) employing th.e’
55 ater balance method. assumi.tig deep percolation and ru.noff

losses in the expeni.mental plots’ scene negligible. Daily pre.cipite

ion ree-orded in the plot area, ,inii r.naxi mu go arid m,in imu tn cli r

,ctsine, solar rad’iation. rs’ind speed. and relative burn id’

, recorded 5’ an atitognate ss rather ,iat mi :pF’rc’xiniatc Is

114) rt trout the’ plot area pros iT’d input tor tnodcl simulation,

eat’erea index l,Al , .ind brome’,s ineasutetnents wcre made

.e nod teal is: tO ronenont [tie ross ire mason,, Inr I .4.1 is ,ss

est:natcd usln9 a PiCOt can, i[s’, enC’, icr (l.AI-2000. LI CUR,

,mocotn. NE with the 2’O’ 5 ‘5’ re9 eietoi to mask the’ opera-

‘i.e., 2,14)” open. 90’ va Ted , Tom Si, ns of 0-tie ifleesltreinenlt

transect b,et’a’eeri eeoc’ rn’ in risc: center of the l.00t.

Dry matter sa.rnpie size ices 2 i’it s.ifs. single row, Sampl.e.r were

tiven-dried at 605C until weight remained constant,

Mode’ Inputs

Alas RZWQM’2 model requires’ detailed da.ta for crop man

agement, soil, arT weather, Crop management data needed are.

planting date and depth, tow spacing, and plant population. Also,

anihOht,’ dsti’.gnind tngthniis of’fbrtilitcr’ap.p ‘eMono are equ‘re.d,

These data we.re collected, for th.e current experiment. In addition,

the model also requires initial inptits’ of dry and wet soil albedo

(shortwave reflectivity)’, crop ea.nopy albedo, and crop residue
alhcdt.i Cr potential ET etamputatii.ris.s. Based on Ahuja et al,
.2000’ these pararne’ters sc’ere ,tcsnmdj to he 0145.0.20,0.3%. and

0,3),). respectivelY tor all three crops. Soil physical and hydraulic
properties Cr silt Loin soil as available in the RLA’Q’12 model

database Ahuja et al,, 2000 vsete used tot simulations, The
wcathirr variabies requirc:d Its RZA’QM2 are daily solar radiation,

maximum rind minimum aim tcmpcrauures. wind speed. relative
;‘itimiditv. and precipitation. Al.’ assumed the dads’ precipitation
r”ilItS to he storms of 120 miia duration in create the breakpoint

r’rermpit.stion records rc’qumred C R/A’Q812

Prec ipitatie’n rceorde,l during tic rzperlnietltai ftrloti

(i’.992. .-20i8) ea.hihite 0 high inter-annua van ability in atnonnt

‘
titi seasonal distribution liAble (‘1. From 1992 to 21)08, annual

pme’c.ipitat.ion ranged frona 241 mm (2.002) to 324mm (1995),

From March to ju.ne (rou.ghiv the spnitsg gns,iwth period for svinter

ss’heat) precipitation ranged froi’n 57 tnm (1998) to 350 mm.

(199%)t. From .May to Septcsmher çrr’iughly the corn gmouth period)

precipitation vanie.d between 143 mm (,1994) aiM il8 mm (1996).

F’rom Jttne to .August (rou%hly the pruso millet grosvth pe’niod)
precipitation varied berwsren 106 van (1994.) and 27’S m.m (‘1999).

Model Calibration

l..n this study, simulatioti ,‘afrs”}’n,:.at, eomni. and. proso miller war’

us,n tO C 1 1 RI Q\i2 5t

cttrrgvam parameters ot the C 181-i OS n.M c req models in

RZWQM 2 is a step-by-step pnt.uc dit ‘c tollosvmug th s5’sueniatie

t’r,’cednrc’ reeommnended hr Ho,,ltr ‘ 19)9 hr calibrating soil

nrc ii. rsr. fe’l’ lowe,,1 ( lath grrin’th pherniogs’, b,it’cmnass.

sic Id in rh,it omelet5, fiie model calibration prmrct
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hi Dcc. 21mg. f2’scr the i-s tnt cm wrrc I S biomam at

r I vi -. i I if

61 r d .h d i a r i n in stir in in i sta i r ir

md.cl calibration.

Simulation RM Ss over the cnnrc roppmg nstem sruoence
for soil water storage -IhO cm pmotileL LI. LAI

bioniass, and grain yield were CS em. e.2 cm, 0.26 m nh

1518 kg ha and 485 kgha’, respectively (Table 5). Corre-

sponding index of agreement (d) valnes were 0.69, 0.85, 0.06.

0.82, and 0.93 (Table. 5). Total profile soil water was .not so well
sirnu.larcd Cd 0..69), with overesti.marions at soil depths <30
cm. However. inspec.tion of the data comparisons presented
in Fig. I i.ndicates that the m.odcl was adeeiuate.lv calibrated
for biomass nd ieId ofwheat. corn and mil.let in a WCN-i

Model Validation

Simulations of the WCMW and WCM-C Phases

The calibrated model was then evaluated on the remain-

thg two phases 0f the \XrCM WCN1-\V and WCM-C). The

R14SEs of simulated grain viejd were 561 and 520 kg hsC°.

and that of simulated biomass asere 1215 and 891 kg ha° Lir

the WCM-W and WCMC phases, respectively (Table 6).

CorrespondIng d values were 090 and 0.93 for grain yield, and

0.,87 and (3.97 for biomass (Fig. 2 and 3, Table 6)-. These resnits

are comparable with that for the WQvllM phase in eslibrea

tion, The R.MSEs of soil water, ET, and L.A.I simnlations were

betneerfl( of i sti00stm5rri e< t ‘c osand05h t

Table 4 Cultivar parameters (genetic coefficients) calibrated for simulation of proso millet (cultivar ‘Sunup’ and ‘Huntsman’) using

the CERES’proso millet module In RZWQM2,

Values used by
Saseendran cc al.
2009) for ‘Sunrise

Current
calibrated valuesParameter Definition

P1 The-rmal time from seedling emergence to the end of she juvenile phase during which 4CC 40th
she plant is not responsive so changes in photoperIod, GDDd.

P20 Critical photoperiod or the longest day length sc which development occurs at a l6.5 16.5
maximum rate. Ass values higher than P20, the rate of dswelnpment is reduc.ed.

P2R Extent to which phasic development leading to paniele initiation is delayed far each hour 20th 30.0
increase in phntopericd above P20, GDDI-.

P5 Thermal time from beginning of grain filling (3 d after flowering) to physiological 55th 155.0
maturity GDDf.

C I Scaler for relative leaf size I 25 1 5

G2 Scalcr for partiuoorsg sh sssimilates to ore tarcic i’eaoO 7A I 1.5

PHINT Phyilocfsror. merva,. the ,rteraai between sucressvr• eat t.y, apr.earances,GDD 350- 350

Growr;ç’ncsrrn.s- a air-0’r tOre 000raersturs- s’i ccc

Table 3. Cultivar parameters (genetic coefficients) for corn hybridsj and winter wheat cultivars developed for simulations using

the CERES-maize and CERES-wheat modules in RZWQM2.

Corn Wheat

Valu y Current urrent
S alibr at d

f’ valu

I I

11
U

I

POINT Phyilochron interval (degree days) (corn, wheat).

+ Mower 3732, Doktib is EL 0KC-499T N 4CC a 042B
TAM 107, Akroe. sod Dseby

§ <3 9.6 for Roster 372 and Dekalb 493 CC (33 ‘ TO for DKC.49—92, N4242BT, arid N42B7.

38.9 433 60.0
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Fig. 2. Comparison of measured (solid bars with error bars) and simulated (open bars without error ban) grain yield for wheat corn and
millet grown in the wheat—corn--millet rotation beginning with the wheat phase in 1995 (WCM-W) and beginning with the corn phase in
1995 (WCH-C). The error bars indicate one standard deviation of measured means. RHSE root mean squared errnr and d index of
agreement.
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Fig. 4, Average (993’’2OO8i wheat, corn, and proso millet grain yields as observed at Akron, CO and simulated by RZWQM2in wheat’4allow (WF), wheat”corn’$allow (WCF), and wheat”wornmillee (WCM) crop rotations, Ends of the bars Indicatemavimurn and minimum observed and sImulated yield and biomass,

With the ex.crption of the wheat grain yield in 19992 all the

wit.r an kifap.ie ot 041) .0.9 fly ansI. d ails 05493 for grain
yield and art RMS f.f9I kg ha attd d se.htc <sf9927 her
otortt ass hi 2 ed .3). 1.0 990. the we roe stress (a’ craw (1%

.1 Al development d ear. deal iv, cern It op n 25w LA .1 md r”o’
grain yield, at harvest, hot Atert were no L,Al and hiom.asv

t.e.e.stitnated the stress cAdets on LA.1 that. ve n ‘ulring in
the lirgi errors n grain stmui9tcd in ths sw’ere drought
ywr of 2002, no harvestablc millet grain viel.d was reported (0
1 9 ii it tr tic sirsot t 9 ,r fa lot a% I

irli 0 isi reder t sharp dec11 re it ytrsrt. compared with
the millet yields in the preceding 50Cc ceding veari C

measured millet yield in 1999 was; 2735 kg had’t that was

p ver;dI die simulated means ard rangps ofgrai.n ‘,eids hot all
rhrer.’ crops in a..ll three oasr .0199 CM corresponded nearly to

and biomass were 101 and 125% of their obsemed mnstns. respens
ic- correct1 itrtnatcd the drereased meats <‘hr

‘clAd obseeard for wheat grown after rndlet without a fidlow’ period
\%J(99fa’ntti99trnrl .c.l wheat ;.tfict fallow (mhe othe

Sirtsoiatrd mean sorts yield was .1.13% of the obssrved
mean. The model aPi correctly simulated the decreased mean
some ‘‘kid oPines rd ii the rn ire intenulvelt’ em ppcd “C\ 1 ss stem.
Simulated mean millet yield and biomas.s were within 12936 of
the brereed mean Thr simulated etc19 and biomasa rangr far it

.rops ss•ere enemaile less than the obsemed ranges ($599 aver
aged Ow a11. .;‘rssç attn systems;,
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Fig 7. Measured (solid bars with error bars) and simulated
(open bars without error bars) winter wheat, corn, and prosomillet grain yields in the wheatcorn-faIlow with wheat phasein 1992 (WCFW), wheat.corn—fallow with corn phase in 1992(WCFC), and wheasucornJallow with fallow phase in 1992(WCFF). The error bars indicate one SD of measured means,RMSE root mean squared error. SD standard de.viation,and d = index of agreement.

(abe-ar a ad a nm rage hell- nan larianri a rha \9’C 1 357 are
era orrabi.v aeenrar with ReliSh ce ‘ia a

••

i S I
am varIant drathaivere 151 ‘iraO,bO, and 51199. r

Wheat and cr-an i sv (eels In the 35 CF-—C ss••v’;rt ill
sirnulareri wrrh reasonable ci eree at aecuraor, Wtrb K 91315 of
.a5-5i k h1 9 s 0.93 Fel. : With the sorption of th.
wheat crop in 1997 and corn in 2001 )both were undersimu
Iwed)-, all measured crop ield n-err predicted within two 5135
otthe measured iscana. with si ot’the simulations within one
319 Deviation of simulations tram the tneasurc-d rest -

1997 and i 2i)Oi. ‘l’he measured wheat -9eId. in 1997 war

boon

40110
--

14000

Fig. 8. Measured (sohd bars with error bars) and simulated
(open bars without error bars) winter wheat, corn, and prosomillet biomass in the whearcorm4allow with wheat phase in1992 (WCF-W), wheaorcoriv’$allow with corn phase in 1992
(WCFC), and wheat.suorn’4allow with fallow phase in 1992(WCFF). The error bars indicate one SD of measured means,RMSE = root mean squared error. SD standard dexiation,and d index of agreement.

3555 Ogles wrrh r. SD 01 only 139 icgha° of the measured mean,

stresS of 0.4.1 duriny the grain hl1in period, causing the laid
seas nor ‘i-ire-reed nrhe held, l--in;vevr-r, ri-re rn

latr-d yield in general was well- correlated with the. meas-uremams
ii S I

sell eat and. corn hiornass in the. Well-- C were simulated well, with
RMSJ’ of 1457 kp lea - and 0 came of t.t,09 dani not shoran - Out
of the nine biomass measurements available for eomparison bye of
the omulartons rare wenal one 51)001 the remaining toter simm
[ations were within two SI)s of the measured means, ‘The RMRE-s
otam narlons 09 - 91. 510 rat Is area at vartotra a era
1-13 em. 0,96, and 09164 m— m’ (data nor shown).

I I •iI
‘9 51)0(1

-9 4000

“2

.1
II 1III I p

1’ I I II
a

III I

Agronomy Journal Volume i 02, Issue 5 • 2010 1531



6000

5000

775 4000

97 2(4)0

201)0

l000

ii

1 1 .1 I_ “ ,i - I i’) - ‘I I I

I
I

\VMF

Crop •rotation

U a
—

— — -

5577177

Fig, 10. Average (l9932008) wheat, corn, and prose mdlet grain yields and biomass as observed at Akron, CO and simu’atedby RZWQM2 in wheat—millet’4aflow (WMF) and wheatcorn’milletfallow (WCMF) crop rotations, Ends of the bars indicatemaximum and minimum observed and simulated yield and biomass,

odd did nor correcth’ simu late the trero yield obtained tin ring
thcsrrr, drought year of 2002.

Precipitation Use Efficiency and Water
Use Efficiency of All Crop Rotations

Lrcci1oraraon oto etidirnita (.PLE and rearer use cffioic.ncv
(‘WL:’ 77) were duhne.d as t.otal yield ofiI tour’s divided ha
rural rr:.ip1ratIs.m or rota1 vi tour tier [or a cerrai it pcriod. of
time. For esrimatirin and comparison of ‘PUF. and \CUF.

9 J$I
prueipttattott, crop 7771’. anti toop icld data from. 1996 to 2008
were rtSdri w neti au rotations had tom lewd t ht7 r resOceti err
cycles., In general, the simulated W’UEs and PUF.s correr
sg-ondcd ‘cci w rh tic’ rncasu red va iris s Ui’abir 75 Lno arc
00777. ranged. from .3.68 k0 hato mrnto Oar Wit to 4,6 kg ha”:
mm for Cl and rorrssponded well o th myasured vaiuc
of 3,79 kg ha rnmto for WE and 430k0ha” rnni” for

1’ .abit 7’ H ifitaSt nicasu rcd and si mu ar d \\ P Es
were tsbtain . Oar the WI .00 (6,34 and 5975 kg ha” mrnto)
hut ti’tr’ h ighcst iU F, sc as for he Wt.7F is 505 is 9 srirtia.reci a iitt

rncaured results, Hoe, or, ta both oiearurcmcocs and
lations, t.he rotation svith the lowest values (‘or both ‘SLUE
and PUFwasWF,

CONCLUSIONS
In thL studs’, we rcsrco a cropoi g ,ss’stcm..s model,

RI ‘Ii “(Oaiz, for its ab flits to cffrctts’ris’ simttlarcscuucn’
isis1 aatrl btornass, Ortro,ucilr,r-ri, ,an 97’ U it and Pu it

Table 7, Precipitation use efficiency (PUE) and water use
firiency (WUE) of wheat’4aliow (WF), wheatocorn..4allow
(WCFh wheatocorn”n’iillet (WCM) and wheatweornm1Petfaiiow (WCMF) rotations for the period f 996 to 2008

Crop PUE WUE
rotation Measured Simulated Measured Simulated

torn’1
3.68 3.23

4.76 4,64
422 585

4.05 4.01

477

,: I ,‘‘ ‘
‘ I

1,

II

vVF

WCF

WCM

WMF
Wr’Mt

3,79

4,90

3,99

4.18

33

4,51

6.34

3.89
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